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INTRODUCTION 
Corrosion is a general term for the oxidation process of metal. In the case of aircraft, 
corrosion on aluminum airframe skin can often be recognized by dulling or pitting of an 
area, and sometimes by the white powdery deposit of aluminum corrosion product. 
Corrosion in these areas means loss of aluminum material from the airframe skin. Thus 
corrosion can seriously affect the structural integrity of an aircraft unless proper inspection 
and maintenance is systematically performed. During heavy structural aircraft maintenance, 
corrosions are still defined mostly in a qualitative rather than a quantitative sense. The 
qualitative evaluations are biased and unpredictable because corrosions are extremely hard 
to detect and to predict in their early stages of formation. 
Nondestructive techniques (NDT) are ideal for finding corrosion during aircraft 
maintenance because access to corroding areas is frequently limited or impossible due to 
intervening structures. Therefore, one is often restricted to conduct the NDT inspections 
from one side of the structure - typically from the outer surface of the aircraft. 
Corrosion is especially a concern for the aging aircraft that are still in use. Therefore 
the Federal Aviation Administration (FAA) has imposed a guideline that requires airlines to 
replace aircraft skins that have lost more than 10% of their original thickness [1]. Aircraft 
skins are made of aluminum alloy (AI 2024) sheet metals that are 40 mils thick. The goal of 
this study is to detect material loss of less than 10% in aircraft aluminum skin using an x-
ray technique that we have previously developed [2]. 
This technique is an x-ray transmission method which requires access to both sides of 
the aircraft skin structure. Although the long term goal is to implement a Compton 
backscatter technique [3] for quantifying corrosion, in this study we will determine the 
sensitivity attainable using a more conventional transmission technique. 
Aluminum 2024 metal and its corrosion product can be viewed as a composite of two 
materials, where each of the materials has characteristic attenuation coefficients that are a 
function of x-ray energy. Therefore by measuring the attenuation of the initial x-ray beam 
through the composite at a number of selected energies, one can obtain sufficient 
information to determine the material composition using Lambert's law and the rule-of 
mixture: 
(1) 
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where i denotes the components in the composite, and j denotes the energies at which the 
parameters are measured. Io(Ej) is the incident beam intensity, I(Ej) is the transmitted beam 
intensity, Xi is the thickness of component i, and ~(Ej) is the linear attenuation coefficient 
of component i measured at energy Ej . 
A minimum of two energies are required to study aluminum 2024 and its corrosion 
product - a two-component composite. Two simultaneous equations are obtained by taking 
two energy measurements. The attenuation coefficients for the two materials can be 
obtained either from experimental measurements or from XCOM predictions [4]. This 
along with measurements of the attenuation of the initial beam at selected energies gives 
sufficient information to solve the two simultaneous equations according to the following: 
(2a) 
(2b) 
where 
(3) 
In this paper we present a method for fabricating corrosion samples, and describe the 
experimental apparatus used for measuring the composition of these samples. We follow 
that with a discussion on selecting the energies to optimize the accuracy of the thickness 
measurements, and finally compare the thicknesses from the experimental measurements 
with the absolute known thicknesses measured with a caliper. We also present a method, 
developed in this study, to measure the attenuation coefficient of powders. 
EXPERIMENTAL SETUP 
The apparatus used for this x-ray energy sensitive technique is depicted in Fig 1. An 
x-ray generator is used to provide a bremsstrahlung spectrum to measure the attenuation 
coefficients. The energies chosen for this study range from 20 ke V to 60 keVin 5 ke V 
increments. These energies are resolved with a high purity germanium detector. The 
incident beam from the x-ray generator is collimated, reducing the final beam diameter to 
about 350 microns. 
In this study, the corrosion product of aluminum 2024 alloy is assumed to be formed 
from a basic corrosion condition. Therefore the corrosion product is aluminum hydroxide 
(AI(OH)3 ). If the corrosive condition were acidic, then other corrosion products such as 
aluminum oxide and aluminum nitrate should be selected for this study. 
We made our own aluminum corrosion samples having the compositions shown in 
Table 1. The samples were made by machining away a known thickness of abminum 2024 
metal from a total thickness of 40 mils. The space was then ultrasonically packed with 
aluminum hydroxide powder. 
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Fig. 1. Experimental setup to measure the corrosion samples. The experiment is 
controlled by the PC. 
There is an intrinsic difficulty in determining the attenuation coefficient of aluminum 
corrosion products because they are powders. For a powder, it is difficult to determine the 
thickness which should be used in calculating attenuation coefficients. In this study we 
have developed a technique to measure the attenuation coefficient of a powder. First, the 
powder is ultrasonically packed into a portion of a glass vial. The glass vial wall should be 
thin, and the diameter of the vial should be uniform. Then the incident and transmitted x-
ray beams are measured through the unpacked and packed sections of the vial respectively. 
As long as the vial wall is thin relative to the vial diameter, this technique will yield accurate 
attenuation measurements. 
The major uncertainty for the attenuation coefficient measurements of the powder 
comes from the uncertainty of the volume-fraction of powder in relationship to the air space 
in the vial. This uncertainty affects the thickness parameter that is used in the coefficient 
measurements. Similarly, the uncertainty in the linear attenuation coefficient measurements 
for aluminum 2024 metal is related to the uncertainty of the thickness measurement made 
using a caliper. There can be a thickness uncertainty of 0.5 mil depending on the pressure 
one applies on the caliper while measuring the thickness. 
Table 1. Composition of Aluminum Corrosion Samples 
% Material Loss 
in Aluminum 2024 
0.0 
1.3 
3.8 
5.5 
6.5 
10.0 
15.0 
23.8 
26.3 
36.3 
38.8 
50.0 
Total Aluminum 2024 
Thickness 
(mils) 
40.00 ±0.50 
39.50 
38.50 
37.80 
37.40 
36.00 
34.00 
30.50 
29.50 
25.50 
24.50 
20.00 
Total Aluminum Hydroxide 
Thickness 
(mils) 
0.00 
0.50 ± 0.50 
1.50 
2.20 
2.60 
4.00 
6.00 
9.50 
10.50 
14.50 
15.50 
20.00 
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Fig. 2. Comparison between XCOM and measured linear attenuation coefficients 
foraluminum 2024 and aluminum hydroxide. 
The linear attenuation coefficients of aluminum 2024 and packed aluminum hydroxide 
measured with this experimental setup are shown in Fig. 2. The measured attenuation 
coefficients are in good agreement with the predicted values from XCOM. 
DUAL ENERGY OPTIMIZATION 
The theory of this x-ray technique is based upon the fact that elements and 
compounds have characteristic x-ray attenuation that is a function of x-ray energy. Because 
of this, we need to choose the energies appropriately. An optimum energy pair for Eq. 2 
will give the minimum uncertainty for the calculated thicknesses, Xi' The expression for 
quantitatively assessing the accuracy of this x-ray technique can be found in our previous 
study [2]. We can optimize the choice of energies using an error-propagation analysis. This 
analysis expresses the uncertainty of the calculated thicknesses, Xi' as a sum of the 
uncertainties due to each of the attenuation parameters. In our study we integrate the 
incoming x-ray intensity and the transmitted x-ray intensity over time to get high counting 
statistics. Thus the uncertainties contributed by beam fluctuations can be made negligible. 
This leaves us with four influencing parameters in our error-propagation analysis. These 
parameters are the linear attenuation coefficients at the two x-ray energies. 
We have previously found that the quality of this x-ray technique is governed by the 
contrast in the attenuation coefficients at low energies. At high energies attenuation 
coefficients for different materials are quite similar. Because of this the optimum energy 
pair is found when the two energies are far apart from one another. This, of course, is 
subject to experimental constraints, such as the time that is required to accumulate high 
counting statistics. The choice of optimum energy pairs is also constrained by the ability to 
accurately measure the attenuation coefficients at the the two energies of choice. The upper 
limit for choosing the x-ray energy is constrained by the power output of the x-ray 
generator. The attenuation coefficients are large at low energies. Consequently, the 
uncertainties in the attenuation coefficient measurements are large. In addition the photon 
counting statistics of the transmitted beam are low at low energies because of the large 
attenuation coefficients at these energies. This low counting statistics can introduce 
unwanted additional uncertainties in our calculations. Thus care must be taken at selecting 
the low energy, E l' 
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Fig 3. Predicted uncertainty of a) Al 2024 and b) AI(OH)3 for different energy 
combinations. The model uses linear attenuation coefficient predictions from XCOM. The 
assumed uncertainty of the linear attenuation coefficients is 1.25%, and 10 is 2x 106 photon 
counts. Thicknesses of Al 2024 and AI(OH)3 are 36 mils and 4 mils respectively. 
Plots of the predicted percentage uncertainty for aluminum 2024 and aluminum 
hydroxide thicknesses as a function of the dual energy combinations are shown in Fig. 3. 
From the choices of energies available in this study, the optimum energy pair is the 
combination of 20 ke V and 60 ke V. 
RESULTS 
The results from this study are shown in Table 2. The percentage of material loss of 
aluminum 2024 varied from 0% to 50% in our corrosion samples. The experimental 
deviations are calculated by comparing the thicknesses measured using the x-ray technique 
with the thicknesses measured using a caliper. The deviations are given as a percentage of 
the caliper measured thickness. The average aluminum 2024 experimental deviation is less 
than 4%. This means that the technique can measure material loss with an uncertainty of 
4%. Comparison between experimental and predicted uncertainties displayed in Fig. 4 
shows that they are in good agreement. This demonstrates that the error-propagation 
analysis can be successfully and accurately used to predict the uncertainties in the thickness 
measurements. 
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Fig. 4. Comparison between the experimental and predicted uncertainties for aluminum. 
The model uses linear attenuation coefficient predictions from XCOM. The assumed 
uncertainty of the linear attenuation coefficients is 1.25%, and 10 is 2x106 photon counts. 
Thicknesses of Al 2024 and AI(OH)3 are 36 mils and 4 mils respectively. 
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Table 2. Comparison of X-ray Measured Thicknesses with Caliper Measured 
Thicknesses. 
Aluminum Thickness 
(mils) Experimental Deviation 
% Material Caliper X-ray (%) 
Loss measured measured Al 2024 Al(OHh 
0.0 40.00 ± 0.50 40.05 ± 1.45 1.2 
1.3 39.50 36.67 -7.1 200.0 
3.8 38.50 38.07 -1.1 -211.0 
5.5 37.80 36.34 -3.7 -105.0 
6.5 37.40 36.41 -2.6 -81.8 
6.5 37.40 36.28 -2.9 -75.5 
10.0 36.00 35.50 -1.4 -143.0 
10.0 36.00 34.38 -4.5 -20.9 
10.0 36.00 34.73 -3.5 -28.7 
10.0 36.00 34.42 -4.4 15.0 
15.0 34.00 33.05 -2.8 0.1 
15.0 34.00 33.73 -2.2 -20.4 
23.8 30.50 29.62 -2.8 7.9 
23.8 30.50 29.63 -2.8 0.4 
26.3 29.50 29.28 -0.7 -20.5 
36.3 25.50 25.40 -2.4 -34.6 
36.3 25.50 24.88 -0.1 -17.0 
38.8 24.50 23.57 -3.8 -17.3 
50.0 20.00 18.08 -9.6 -3.1 
50.0 20.00 18.51 -7.4 4.8 
There is a systematic deviation in the aluminum 2024 experimental results. Most of 
the calculated aluminum 2024 thicknesses show a negative bias relative to the caliper 
thickness measurements. If this anomaly can be addressed we can improve the current 
uncertainty of 4% to about the 2% level. 
The experimental deviation for aluminum hydroxide varies from 0.1 % to 211 %. This 
large variation results from the the inconsistent packing of the powder in the corrosion 
samples. The uncertainty in the attenuation coefficients of the powder also contributes to 
the large uncertainty in the final results. 
The line drawn across the results in Table 2 indicates the tolerance imposed by FAA. 
Below this line are aluminum samples with more than 10% material loss. By observation, 
we see that this technique gives uniform accuracy in thickness measurement over the range 
of 20 - 40 mils. 
DISCUSSION 
The x-ray technique presented in this study is able to distinguish between the 
aluminum metal and its corrosion product. We have successfully demonstrated that this 
technique can quantitatively determine the percentage loss of aluminum 2024 metal to an 
uncertainty of 4%. We are also able to detect the presence of aluminum corrosion product -
aluminum hydroxide. 
The accuracy of the final results is dictated by the uncertainties in the attenuation 
coefficient measurements. This is limited by how accurately one can measure the 
thicknesses. In this study we have developed a method to measure the attenuation 
coefficients of powders. The attenuation coefficient is calculated from the transmission 
measurements through the powder-packed and empty sections of a vial. For the attenuation 
coefficient of a powder, the uncertainty comes from the uncertainty in the volume-fraction 
of the powder in the vial. For the attenuation coefficients of metals, the uncertainty comes 
from the uncertainty of the caliper measurements. 
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This study demonstrated the principle of an x-ray energy dispersive technique for 
quantifying material loss in aluminum 2024. We conclude that x-ray techniques are viable 
methods that can address the need for a nondestructive inspection technique to detect 
corrosion in aircraft skin. Although this x-ray technique requires access to both sides of the 
aluminum skin, this study nevertheless gives us confidence to develop an x-ray backscatter 
technique which requires access to only one side of the aircraft skin. 
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